Objective-To validate the hypothesis that the toxic heavy metal lead (Pb) may be linked to cardiovascular diseases via the initiation of atherosclerosis, in vivo and in vitro studies were conducted. Methods and Results-During the human study part of this project, serum Pb levels of healthy young women were correlated to carotid intima-media thickness. Multivariate logistic regression analyses showed that increased serum Pb levels were significantly associated with an increased intima-media thickness (Pϭ0.01; odds ratio per SD unit, 1.6 [95% CI, 1.1 to 2.4]). In vitro, Pb induced an increase in interleukin 8 production and secretion by vascular endothelial cells. Nuclear factor erythroid 2-related factor-2 is the crucial transcription factor involved in Pb-induced upregulation of interleukin 8. Key Words: Pb Ⅲ heavy metal Ⅲ endothelial Ⅲ Nrf2 Ⅲ interleukin Ⅲ smooth muscle cell Ⅲ invasion Ⅲ migration Ⅲ vascular Ⅲ pathophysiology Ⅲ risk factor Ⅲ intima media thickness Ⅲ atherosclerosis
C ardiovascular and cerebrovascular diseases related to atherosclerosis are the leading cause of death in developed countries. 1 The identification of new risk factors is gaining more and more importance for disease prevention.
The toxic heavy metal lead (Pb) is second on the Agency for Toxic Substances and Disease Registry's list of most hazardous substances. 2 Although the environmental burden in most countries has been declining because leaded gasoline is being phased out, 3 sources for Pb uptake are still ubiquitous. For example, Pb is emitted into the air through oil and coal combustion and nonferrous metal production. Pb pipes, Pbsoldered copper pipes, or Pb containing brass joints frequently can be found in older houses 4 and are still an important source for Pb uptake. In developing countries, the recycling of discarded Pb acid batteries under uncontrolled conditions poses a serious problem.
The Pb that is absorbed reaches the bloodstream and binds to erythrocytes to an extent of approximately 99%; only 1% of total blood Pb can be found in plasma/serum. The half-life of Pb in blood and soft tissue is short (30 days) . However, Pb is deposited in bone (in adults, 94% of the total body burden of Pb is contained in bones and teeth, with a half-life of 27 years 5 ). In addition, Barry 6 found that Pb accumulates in aortal tissue (with concentrations Յ60 mol/L) and that Pb levels in atherosclerotic vessels tend to be higher than in unaffected vessels.
In general, blood Pb concentrations of greater than 10 g/dL (ie, Ͼ0.5 mol/L) are defined as Pb poisoning 7 ; however, because of the reported adverse health effects of Pb concentrations less than these values, no minimal risk levels have been defined. 5 In children, even low-dose exposure to Pb can result in neurodevelopmental disorders, hearing im-pairment, jaundice, and anemia. 4 In adults, Pb is known to cause conditions such as anemia as the result of reduced activity of ␦-aminolevulinic acid dehydratase, a decrease in the glomerular filtration rate, a reduction of fertility, 5 and hypertension (when the cardiovascular system was examined). 8 -12 Several studies and animal experiments [13] [14] [15] [16] provided evidence for a Pb-induced increase in arterial blood pressure and indicate an association between Pb exposure and conditions of impaired cardiovascular function (eg, coronary artery disease, stroke, and peripheral artery disease). Several mechanisms have been proposed: Courtois et al 17 demonstrated oxidative stress, which was partly reversible through the addition of ascorbic acid; and other researchers described reduction of nitric oxide availability, 18 increased endothelin production, 19, 20 and changes in the ratio of vasoconstrictive to vasodilative prostaglandins. 21 Furthermore, disturbed Ca 2ϩ signaling has been reported. 22 Fujiwara et al 23 observed a Pb-induced increase in the proliferation rate of bovine aortic smooth muscle cells (SMCs) and a decrease in bovine aortic endothelial cell (EC) proliferation under serum-and heparinfree conditions. 24 In addition, researchers 25 reported an inhibition of endothelial wound healing by Pb.
On the cellular level, several transcription factors have been suggested to mediate Pb effects. Korashy and ElKadi 26 -28 showed that heavy metals, including Pb, are modulating gene expression via the activation of nuclear factor -light chain enhancer of activated B cells, hypoxiainducible factor 1, arylhydrocarbon receptor, and nuclear factor erythroid 2-related factor (Nrf2) pathways.
In this study, we intended to clarify the role of Pb in the initiation phase of atherogenesis (ie, intimal hyperplasia) and to reveal the underlying mechanisms.
Methods
More extensive details can be found in the supplemental data (available online at http://atvb.ahajournals.org).
Association Between Intima-Media Thickness and Serum Metal Concentrations in the Atherosclerosis Risk Factors in Female Youngsters Study
During the Atherosclerosis Risk Factors in Female Youngsters study, 29 the mean maximum intima-media thicknesses (IMTs) of the right and left common carotid arteries and the internal carotid artery were quantified in 197 healthy young female study subjects and correlated to serum metal concentrations (including Pb), determined by induced coupled plasma mass spectrometry. 30 
Cell and Human Arterial Organ Cultures
Human umbilical vein ECs and SMCs were isolated and cultured as previously described. 31, 32 For organ culture, the surgical waste of radial and internal mammary arteries from patients undergoing coronary artery bypass grafting was cultured as previously described. 31 The isolation and use of human tissues for these experiments was approved by the Ethics Committee of Innsbruck Medical University, Innsbruck, Austria.
Analysis of cellular Pb uptake was performed using dye (Leadmium Green AM Dye; Molecular Probes, Eugene, Ore), according to the manufacturers' instructions.
Analysis of the number of viable cells was determined by the XTT assay (Biomol, Hamburg, Germany), as described by the manufacturer.
Western blotting was performed as previously described. 33 RT-PCR-based quantification of IL-8 and elastin was performed as previously described. 30 Staining of cells and fluorescence microscopy were performed as previously described. 33 Small and interfering RNA-mediated knockdown of Nrf2 was performed using customized small and interfering RNAs (Santa Cruz Biotechnology, Santa Cruz, Calif) and (Amaxa Nucleofector Device #AA3-1001; Lonza Group, Basel, Switzerland), as described by the manufacturers. 
Quantification of Cytokines in Cell Culture

Invasion Assays
For the analysis of SMC invasion under various treatments, cells were added to the upper chamber of culture inserts (Matrigel-coated ThinCert Cell Culture Inserts), 8-m pore size, and allowed an invasion period of 12 hours. After washing and fixation, cells were stained with toluidine blue, noninvaded cells were removed from the upper side of the inserts, and the inserts were scanned and analyzed.
Histochemistry and morphometric analyses were performed as previously described. 31 
Transmission Electron Microscopy
After treatment, arterial samples were fixed in 2.5% glutaraldehyde and postfixed in 1% osmium tetroxide; and ultrathin sections were prepared. Images were acquired with an electron microscope (Zeiss Libra 120; Zeiss, Oberkochen, Germany).
Statistical Analyses
Statistical analyses were performed using computer software (SPSS 17.0). Variable levels between different treatment groups were compared using ANOVA; in the case of significance, these analyses were followed by pairwise comparisons (Bonferroni t test). All analyses were repeated and confirmed by corresponding nonparametric tests (Kruskal-Wallis and Mann-Whitney U tests with Bonferroni correction of probability values). Nonparametric data were analyzed using the Mann-Whitney U test.
Results
Elevated Serum Pb Levels Increase the Risk for High IMT in Healthy Young Adults
In 195 young healthy females (Atherosclerosis Risk Factors in Female Youngsters study 29 ), serum levels of various metals were measured by induced-coupled plasma mass spectrometric analyses. Data on cadmium have previously been published. 34 
Pb Is Absorbed by ECs and SMCs
The in vitro experiments were intended to work under conditions comparable to those in the human vasculature. To do so, and in contrast to almost all previous studies, the medium used also contained serum. To investigate whether Pb is absorbed by ECs and SMCs under these conditions, we stained the cells with dye (Leadmium Green AM Dye) after the addition of 50 mol/L of Pb, followed by fluorescence microscopic and fluorescence-activated cell sorter analyses. Pb is significantly absorbed by ECs (approximately 2-fold increase in Leadmium fluorescence) and SMCs (approximately 1.5-fold increase in Leadmium fluorescence) ( Figure  1) ; Pb is deposited with a cytoplasmic vacuolelike appearance.
Pb Induces EC Proliferation and an Upregulation of Stress Proteins
By the binding of free Pb to serum proteins (eg, albumin), serum diminishes many Pb effects in culture, which was confirmed by several in vitro experiments (ie, we were not able to detect an induction of cell death) (Annexin V fluorescein isothiocyanate/propidium iodide staining), changes in the adhesion molecule expression profile (fluorescence-activated cell sorter analyses of vascular cell adhesion molecule-1, intercellular adhesion molecule-1, E-selectin, and P-selectin), changes in cell cycle distribution (Nicoletti staining), endothelial permeability (transwell experiments), wound healing properties (scratch assay), or signs of oxidative stress (123-dihydrorhodamine, 5-(and -6)chloromethyl-2Ј7Ј-dichlorodihydrofluorescein diacetate acetyl ester [H2-DCF-DA] staining, oxyblotting, no shift in the glutathione to glutathione disulfide ratio toward glutathione disulfide, and no changes in the nitric oxide profile) (data not shown). However, the number of viable cells (human umbilical vein ECs) was slightly, but significantly, increased at 5 mol/L of Pb (approximately 10% increase) and 50 mol/L of Pb (approximately 20% increase) compared with the solvent control ( Figure 2A) ; the untreated ECs used in this project showed a doubling time of approximately 72 hours. The proliferation of SMCs was not affected by Pb (data not shown). Furthermore, Western blot analyses revealed a prolonged upregulation of heat shock protein 70, 4-nitroquinoline 1-oxide (NQO1) (NAD(P)H: quinine oxidoreductase 1 ratio), and heme oxygenase-1, proteins that are produced by cells in response to various forms of stress ( Figure 2B ). The supplemental data provide quantification results for Western blot bands.
Pb Induces IL-8 Production and Secretion by ECs, A Process Regulated by Nrf2
To further investigate the potential stress response of ECs by Pb, cytokine expression profiles in cell culture supernatants of ECs exposed to Pb were analyzed. Among all tested cytokines (ie, interferon ␥; ILs 1␤, 2, 4-6, 8, 10, and 12 p70; and tumor necrosis factors ␣ and ␤), only ILs 6 and 8 could be detected in cell culture supernatants. Although both cytokines were affected by Pb treatment, only IL-8 secretion showed significant time-and dosedependent changes ( Figure 2C ; data for IL-6 are not shown). Subsequent analysis of IL-8 levels in SMC cell culture supernatants showed no increase in response to Pb treatment of the cells (data not shown).
To reveal the mechanism underlying increased IL-8 secretion by ECs in response to Pb treatment, we first analyzed the IL-8 mRNA content of ECs and SMCs by RT-PCR. These experiments revealed that IL-8 transcription is enhanced in Pb-treated ECs ( Figure 2D ) but not in SMCs (data not shown).
To reveal the mechanisms underlying enhanced IL-8 transcription in ECs, we analyzed several transcription factors known to be involved in IL-8 regulation. Among the factors analyzed (ie, nuclear factor -light chain enhancer of activated B cells, hypoxia-inducible factor 1, aryl hydrocarbon receptor, and Nrf2), only Nrf2 was upregulated (Western blotting) ( Figure 3A) ; and could be shown to translocate into the nucleus (immunofluorescence) ( Figure 3B AMAXA-based Nrf2 small and interfering RNA knockdown experiments were performed (for knockdown verification, see Figure 3D and supplemental data). The data in Figure 3E and F show that the Pb-induced increase in IL-8 mRNA and protein levels is inhibited by Nrf2 knockdown, suggesting the crucial involvement of this transcription factor in Pbmediated signaling.
Pb and IL-8 Increase Invasiveness of SMCs
To elucidate the effects of recombinant IL-8 and EC culture supernatants (at 72 hours, with or without Pb treatment of ECs) on SMC invasiveness, Matrigel invasion assays were performed. The data shown in Figure 4 indicate that both the supernatant of Pb-treated ECs and recombinant IL-8 function as chemotactic signals for SMCs because they significantly increase SMC invasiveness. In addition, blockage of IL-8 in Pb-treated EC supernatants by an IL-8 -neutralizing antibody significantly reduces the promigratory effect of Pb-treated EC supernatants.
Pb Stimulates Intimal Thickening in a Human Arterial Organ Culture Model: Prevention by Neutralization of IL-8
To obtain an impression of Pb effects in a physiological tissue setting, arterial organ culture experiments were conducted. Measurements of intimal thickness of baseline, control, and Pb-treated samples revealed that Pb causes a statistically significant and dose-dependent increase of the arteries' intimal thickness ( Figure 5A and B and the quantification of the results in Figure 5E ). To support the previous data, thickening of the intima induced by Pb could be prevented by the addition of IL-8 -neutralizing antibody to the cultures ( Figure  5C and D and the quantification of the results in Figure 5E ).
Pb Promotes Intimal Invasion of SMCs in Arterial Organ Cultures and Stimulates Elastin Synthesis in SMCs
To elucidate whether Pb stimulates SMC migration and extracellular matrix (elastin) production in the intima of arterial organ cultures, Pb-treated tissues were analyzed using immunofluorescence and transmission electron microscopy.
Immunofluorescence analyses revealed the presence of significant amounts of intimal SMCs in Pb-treated arteries whereas SMCs in the intima of control-treated arteries were essentially absent ( Figure 6A-C) . Electron microscopy (Figure 6D ) supported those findings (SMCs were identified by the presence of hemidesmosomes and myofibrils) and revealed a Pb-dependent increase in the intimal extracellular matrix. To functionally support the latter finding, we performed elastin mRNA RT-PCRs of Pb-and control-treated SMCs. A significant increase in elastin mRNA was observed ( Figure 6E ).
Discussion
Although Pb has significantly contributed to a variety of pathological conditions in humans, its impact on the development of atherosclerosis and cardiovascular diseases is still not clear. During the present project, we aimed at investigat- ing the role of increased serum Pb levels on arterial intimal hyperplasia (as a marker for early atherosclerosis). Our human study on IMT in healthy young women suggested that increased serum Pb levels (Ͼ0.82 g/dL) are associated with an increased risk for high IMT (supplemental Table) , suggesting a role of Pb in the development of intimal (plus medial) hyperplasia. Barry 6 showed that Pb accumulates not only in bone but also in aortic tissue (concentrations Յ60 mol/L were observed), with increased levels of Pb in atherosclerotic compared with healthy vessels. Based on these observations, it was suggested that the aortic vessel wall constitutes a target organ for Pb deposition and that differences in the Pb content of vessels may also play a role in disease progression. Regarding the fact that 99% of total blood Pb is bound to erythrocytes, which may represent a storage pool for circulating Pb, measurements of "vesselwall-active" (ie, serum) Pb seem to be a reliable parameter to evaluate an individual's risk for the appearance of a Pbtriggered increase in IMT.
The toxicity of heavy metals is primarily emanating from free ions. Because metal ions rapidly bind to serum proteins (eg, serum albumin), experimental conditions devoid of serum could easily lead to a misjudgment of metal effects on cells. Indeed, by the withdrawal of serum before experiments, an induction of cell death, impaired proliferation, and wound healing were observed in response to Pb treatment (data not shown). However, in in vitro experiments in the presence of serum, only slightly increased endothelial proliferation was noted; the other observations could not be made in this model. We decided to work under near-physiological conditions and to focus on Pb effects on cells in cell culture medium containing serum. Based on the data by Barry, 6 experimental concentrations of up to 50 mol/L appear to reasonably reflect the in vivo situation.
Because we found serum Pb levels to correlate with increased risk for high IMT in the human study part of this project, and because we were not able to detect significant effects of Pb in our initial cell-based analyses (apart from the slight increase in human umbilical vein EC proliferation), we first tried to determine whether Pb is absorbed by the cells at all. In fact, Pb was significantly absorbed by ECs and SMCs, showing an intracellular vacuolelike distribution. Given that the uptake of Pb has, at least in part, been ascribed to the activity of divalent metal transporter 1, 35 the vacuolar appearance may indicate a phagocytic uptake route of Pb in a protein-bound form, as has been described for cadmium. 36 Yet, the routes and forms of Pb uptake by ECs are not understood and need further attention.
The significant and prolonged upregulation of heme oxygenase-1, heat shock protein 70, and NQO1 by Pb in ECs likely indicates the presence of cellular stress, a hypothesis that is further pronounced by the increase in EC secretion of IL-8 by Pb. Nonconfluent ECs under normal culture conditions also secrete IL-8. Previously, increased plasma levels of IL-8, which is produced by a variety of cell types (including ECs), 37 are associated with future risk for the development of cardiovascular diseases. 38 Among a wide range of actions, IL-8 is known to induce proliferation and to inhibit spontaneous apoptosis in ECs 39 ; Yue et al 40 showed that IL-8 acts mitogenic and chemoattractant on SMCs, findings that are clearly supported by our results (Figure 4) .
To reveal the signaling cascade involved in EC IL-8 production, we tested for an involvement of several transcription factors known to mediate metal effects and/or IL-8 secretion. Based on inhibitor experiments, and observationbased analyses (ie, Western blotting [cytosolic versus nuclear fraction]) and confocal microscopy, we could exclude an involvement of nuclear factor -light chain enhancer of activated B cells, hypoxia-inducible factor 1, and aryl hydrocarbon receptor (data not shown).
Nrf2, in its inactive state, is bound to Kelchlike ECHassociating protein-1 and thereby retained in the cytoplasm ( Figure 3B ). On activation (eg, by metal ions), Nrf2 is released from Kelchlike ECH-associating protein-1 and is thereby stabilized; it then translocates into the nucleus (Figure 3C ) to promote transcription of antioxidant response element containing promoter-driven genes. 41 Nrf2 is responsible for the induction of xenobiotic metabolizing enzymes (XMEs). XMEs have been classified into 2 groups (phase 1 and 2 XMEs). Phase 1 XMEs bioactivate xenobiotics and, thereby, amplify their effects, whereas phase 2 XMEs (eg, NQO1) act as cell-protective enzymes. XMEs usually are activated in response to cellular exposure to toxic xenobiotics and environmental contaminants. 42 In our experiments, an upregulation of NQO1 in response to Pb treatment of ECs could be observed (Figure 2B ), indicating the activation of this signaling pathway. Also, the promoter region of the IL-8 gene contains an antioxidant response element, 43 and Zhang et al 44 have shown that the activation of Nrf2 leads to IL-8 expression. In our Nrf2 knockdown experiments, we could show that this signaling pathway is also active in ECs and that Nrf2 knockdown completely blocks Pb-induced IL-8 transcription, translation, and secretion (Figure 3) , arguing for the pivotal role of Nrf2 in Pb-induced IL-8 production in ECs.
To experimentally close the gap between single cell-based analyses and our human study data, we decided for an arterial organ culture approach to analyze Pb effects on a tissue basis, allowing for (patho)physiological cell-cell interactions. In these experiments, because antibody-based neutralization of IL-8 completely inhibited Pb-induced intimal hyperplasia, our hypothesis of Pb-induced IL-8 release from ECs, and the stimulation of SMC invasiveness leading to the invasion of the intima by medial SMCs and consequent intimal hyperplasia, could be further validated (Figures 5 and 6 ). In addition to invasion-promoting effects of Pb, we could also observe an increase in extracellular matrix in Pb-treated arteries ( Figure 6D ) and increased elastin synthesis by SMCs ( Figure 6E ). Under physiological conditions, lamellar units of elastin in the tunica media are responsible for arterial resilience 45 ; however, early atherosclerotic plaques also contain large amounts of elastic fibers. 46 Because elastic fibers are primary sites for lipid deposition, 47 via stimulation of elastin synthesis by SMCs that have migrated into the intima, Pb may also enhance lipid deposition.
Based on the results obtained in the present study, we suggest that even slightly increased serum levels of Pb constitute a stress factor for ECs and stimulate the synthesis and secretion of IL-8 in an Nrf2-dependent manner. ECsecreted IL-8 stimulates SMC invasion into the intima. Furthermore, Pb, via a yet unknown pathway, contributes to increased synthesis of the extracellular matrix. The previously described processes may be crucially involved in Pb-mediated thickening of the arterial intima and might also constitute a basis for Pb-induced atherogenesis.
